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Abstract. Self-facilitation allows populations to persist under disturbance by ameliorating experi-
enced stress. In coastal ecosystems, eutrophication and declines of large predatory fish are two com-
mon disturbances that can synergistically impact habitat-forming plants by benefitting ephemeral
algae. In theory, density-dependent intraspecific plant facilitation could weaken such effects by ame-
liorating the amount of experienced stress. Here, we tested whether and how shoot density of a com-
mon aquatic plant (Myriophyllum spicatum) alters the response of individual plants to eutrophication
and exclusion of large predatory fish, using a 12-week cage experiment in the field. Results showed
that high plant density benefitted individual plant performance, but only when the two stressors were
combined. Epiphytic algal biomass per plant more than doubled in cages that excluded large preda-
tory fish, indicative of a trophic cascade. Moreover, in this treatment, individual shoot biomass, as well
as number of branches, increased with density when nutrients were added, but decreased with density
at ambient nutrient levels. In contrast, in open cages that large predatory fish could access, epiphytic
algal biomass was low and individual plant biomass and number of branches were unaffected by plant
density and eutrophication. Plant performance generally decreased under fertilization, suggesting
stressful conditions. Together, these results suggest that intraspecific plant facilitation occurred only
when large fish exclusion (causing high epiphyte load) was accompanied by fertilization, and that
intraspecific competition instead prevailed when no nutrients were added. As coastal ecosystems are
increasingly exposed to multiple and often interacting stressors such as eutrophication and declines of
large predatory fish, maintaining high plant density is important for ecosystem-based management.
Key words: aquatic vegetation; Baltic Sea; cage experiment; coastal ecosystem; eutrophication; facilitation;
multiple stressors;Myriophyllum spicatum; positive feedbacks; predator loss; trophic cascade.
INTRODUCTION
Self-facilitation mediated by density-dependent positive
feedbacks (hereafter DPF) occurs when the growth and fit-
ness of individuals increase with the density of the popula-
tion (Bianchi et al. 1989). DPFs are widespread in
organisms that do not show complex social organization
(Stone and Weisburd 1992, Maxwell et al. 2017) and can
occur through various mechanisms. First, they can manifest
when aggregations of individuals, by modifying the abiotic
environment, increase resource supply and/or alleviate envi-
ronmental stress (i.e., ecosystem engineers, sensu Hastings
et al. 2007). For example, dense stands of vegetation in arid
ecosystems enhance water infiltration into the soil (Lejeune
et al. 2002, Rietkerk et al. 2002); invertebrate bioturbators
alter geochemical gradients in soft-bottom sediments, ulti-
mately benefitting diatom and microbial growth (Lohrer
et al. 2004, Needham et al. 2011); and mussels clumps and
cordgrass tussocks provide shelter to conspecifics from wave
disturbance (van de Koppel et al. 2005, van Wesenbeeck
et al. 2008). Furthermore, DPFs may also occur via direct
biotic interactions. High densities of conspecifics can reduce
the growth and fitness of competitors via food and space
exploitation (exploitative competition) or via chemical
defenses; can reduce susceptibility to predators via coopera-
tive behavior, and can facilitate the survival of beneficiary
species in mutualistic relationships (Bertness and Callaway
1994, Stachowicz 2001). Through DPFs, populations can
therefore persist at higher densities than otherwise expected
(Bianchi et al. 1989, Bertness and Callaway 1994), and
increase community resistance and resilience to disturbance
(Scheffer et al. 2001).
In shallow coastal ecosystems, both foundation species
and associated communities are impacted by multiple and
often co-occurring anthropogenic stressors (Lotze et al.
2006). Submerged aquatic vegetation (plants and coarsely
structured perennial macroalgae) are important foundation
species that influence local abiotic conditions (e.g., light,
hydrodynamics, CO2) and provide complex habitats for
diverse invertebrate and fish assemblages (Heck et al. 2003,
Hansen et al. 2008). Eutrophication, climate change,
extreme weather events, and the anthropogenic modification
of coastal landscapes, such as dredging and construction,
are among the multiple stressors undermining the survival
of aquatic vegetation and coastal communities (Orth et al.
2006, Burkholder et al. 2007, Gustafsson et al. 2012, Fraser
et al. 2014). Additionally, declines of large predators can
benefit ephemeral algae through trophic cascades that
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involve the release of mesopredators and suppression of
algal-feeding invertebrates (Eriksson et al. 2009, Baden
et al. 2010, Sieben et al. 2011). Recently, these effects have
also been shown to affect aquatic vegetation (Donadi et al.
2017). Declines of large predators can also interact with
other stressors such as eutrophication (Halpern et al. 2008,
Ripple et al. 2014). Theory supported by empirical studies
(Oksanen et al. 1981, Moksnes et al. 2008, Eriksson et al.
2012) predicts that the strength of trophic cascades depends
on ecosystem productivity, so that the higher the productiv-
ity, the stronger the top-down control. Therefore, under
eutrophic conditions, the removal of top predators can exac-
erbate the effects of eutrophication by boosting the growth
of ephemeral algae. One such example is shallow coastal
areas in the Baltic Sea, where large predatory fish may bene-
fit submerged plants indirectly by suppressing overgrowth of
ephemeral algae (Eriksson et al. 2009, Sieben et al. 2011,
Donadi et al. 2017). Large predatory fish, however, have
declined in many areas (Nilsson et al. 2004, €Osterblom et al.
2007), raising concern that submerged aquatic vegetation
and perennial algae are under increasing stress from algal
overgrowth, caused by both eutrophication and food web
alterations (Eriksson et al. 2011a).
Several density-dependent positive feedbacks can, alone
or in concert, benefit aquatic vegetation (Maxwell et al.
2017). Dense (vs. sparse) vegetation can increase individual
plant performance by (1) increasing direct competition for
light and dissolved nutrients with ephemeral epiphytic algae
and phytoplankton (Kemp et al. 1983, Krause-Jensen et al.
2008, Baden et al. 2010, Werner et al. 2016), (2) facilitating
invertebrate grazers that in turn feed on epiphytes (mutualis-
tic mesograzer model; Duffy et al. 2013, Donadi et al.
2017), (3) baffling mechanical disturbance from waves and
water currents (Bouma et al. 2005), and (4) reducing sedi-
ment resuspension and enhancing particle sedimentation
inside of macrophyte beds, which increases light penetration
(Vermaat et al. 2000, Gacia and Duarte 2001, Moore 2004,
Le Bagousse-Pinguet et al. 2012, Austin et al. 2017). How-
ever, high plant density can also reduce individual plant per-
formance, by increasing intraspecific competition for light
and nutrients (Antonovics and Levin 1980), and/or by facili-
tating mesopredators, which in turn benefit epiphytic algae
by controlling grazer abundance or feeding rates (Warfe and
Barmuta 2006).
Here, we experimentally tested whether high plant density
can buffer effects of two common and often interacting
stressors on individual plants: eutrophication and loss of
large predatory fish. In short, we planted Eurasian water-
milfoil (Myriophyllum spicatum L.), a common aquatic plant
in many freshwater and coastal areas, in three different den-
sities and tested the single and joint effects of nutrient
enrichment and exclusion of large predatory fish (using
cages) in three coastal bays in the Baltic Sea. We hypothe-
sized that (1) nutrient enrichment and exclusion of large
predatory fish increases biomass of epiphytic algae and
reduces the performance of plants (€Ostman et al. 2016) and
that (2) these effects are weakened by high plant density,
through one or several of the positive feedback mechanisms
outlined above. Furthermore, in line with the stress gradient
hypothesis (Bertness and Callaway 1994, Bruno et al. 2003),
we suggest that (3) the effect of high plant density should
shift from negative to positive with increasing stress, and
therefore be most beneficial when eutrophication and loss
of large predators co-occur.
METHODS
Study area
The Baltic Sea is a large brackish marginal sea situated in
northern Europe. Vast archipelagos create a highly heteroge-
neous coastal seascape, that host diverse assemblages of
aquatic vegetation (plants and perennial macroalgae) and
invertebrates (Hansen et al. 2008), and function as spawning
and recruitment ground for many coastal fish species (Snick-
ars et al. 2009). One of the most common plants is the
Eurasian watermilfoil (Myriophyllum spicatum, hereafter
“Myriophyllum”); a native rooted angiosperm with a long
slender and branched stem, leaves in pinnate whorls of four,
and numerous needle-like leaflets. The complex leaves form
a formidable substrate for epiphytic macroalgae such as Cla-
dophora spp., Pilayella littoralis, and Ectocarpus siliculosus,
but also a habitat for macroinvertebrate grazer assemblages
dominated by amphipods (Gammarus spp.), isopods
(Idothea spp.), gastropods (Hydrobia spp., Theodoxus fluvi-
atilis), and insect larvae (e.g., Chironomidae, Limnephili-
dae). Amphipods and isopods feed mainly on epiphytic
macroalgae, while gastropods mainly consume microalgae,
such as diatoms and dinoflagellates (MacNeil et al. 1997,
Raberg and Kautsky 2007). Insect larvae include carnivores,
detritus and filter feeders, and grazers (Wallace and Merritt
1980). The most abundant mesopredator in the system is the
three-spined stickleback, Gasterosteus aculeatus (Sieben
et al. 2011, Bergstr€om et al. 2015), which in turn is predated
by large piscivorous fish, such as Eurasian perch (Perca flu-
viatilis) and Northern pike (Esox lucius) (Beaudoin et al.
1999, Donadi et al. 2017).
Field experiment
The field experiment was conducted between 4 June and
26 August 2015 (12 weeks) in three shallow coastal bays
(maximum depth 3 m) around Ask€o Island (Sweden) in the
western Baltic proper (58°490 N, 17°390 E). The area is suf-
fering from eutrophication, as showed by the classification
in the Water Framework Directive and the regional moni-
toring data (WISS 2015). The experiment was a full factorial
combination of three treatments: (1) plant density (three
levels: low, medium, and high), (2) exclusion of large preda-
tory fish using cages (two levels: open vs. closed cages), and
(3) nutrient enrichment (two levels: ambient and enriched).
Each of the 12 treatment combinations was replicated once
per bay, resulting in 36 plots in total.
Large predatory fish were excluded using stainless-steel
cages (120 9 55 9 100 cm [length 9 width 9 height]), cov-
ered with a plastic net (mesh size 1.4 cm) and firmly attached
to the bottom at ~1 m depth (Fig. 1A). Plots were positioned
at least 3 m apart to avoid cross-fertilization of treatments.
One-half of the cages had openings on two non-opposite sides
along the diagonals, which allowed large fish to enter the
cages. In each bay, two no-cage plots with medium plant den-
sity served as a control for potential cage artifacts.
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At the bottom of each cage (0.66 m2), we placed a fine
mesh and attached apical, unbranched, Myriophyllum
shoots in one of three densities: 3, 10, or 24 shoots per cage
(4.5, 15, and 36 shoots/m2, respectively). These are hereafter
referred to as “low,” “medium,” and “high” density, respec-
tively. Experimental densities were in the range of natural
densities in the study area. The shoots (average wet
mass  SD: 0.07  0.02 g, N = 20 shoots) were collected
in a nearby area, carefully cleaned from epiphytes in the lab-
oratory, and standardized to 10 cm length prior to attach-
ment (see, e.g., Strand and Weisner 2001). Shoot densities
decreased during the course of the experiment, but remained
significantly higher in the high-density treatment compared
to the medium- and low-density treatment (Appendix S1).
To simulate eutrophication, nutrients were added to one-
half of the cages using four 1-mm mesh bags per cage
(20 9 10 cm), each containing 120 g of coated slow-release
fertilizer (N:P:K = 14:14:14, Plantacote Depot 6 M, Urania
Agrochem, Hamburg, Germany). The fertilizer bags were
attached to the bottom of the cages at two opposite corners
and at two opposite sides and were replaced after 6 weeks. On
15–17 June (approximately two weeks after the start), water
samples were collected ~15 cm from the bottom of each cage
using airtight 50-mL clean syringes, filtered through a
0.45 mm glass-fiber filter (Whatman, Sarstedt, Germany), and
frozen. Concentrations of dissolved nitrogen and phosphorus
were later measured in duplicates per cage, using segmented
flow colorimetric analysis (Koroleff 1983) with the Alpkem
FlowSolution IV system from OI Analytical. Nutrient enrich-
ment increased dissolved inorganic nitrogen by 125% (com-
pared to plots with ambient nutrient concentrations of
2.68  0.593 lg/L [mean  SD]; ANOVA, N = 42, F1,40 =
29.46, P < 0.001), but did not affect dissolved phosphorus,
whose ambient concentrations were already relatively high
(ambient nutrient level = 9.53  0.995 lg/L; mean  SD).
The same fish exclusion cages and nutrient enrichment
treatments have been successfully used in the same study
area in several previous experiments (Eriksson et al. 2009,
Sieben et al. 2011). To reduce the influence of cage artifacts
such as fouling, we once per week brushed off periphyton
growing on the cage net, and removed all new macroscopic
vegetation that was not part of the treatments. To assess
potential differences in the hydrodynamic regime inside
open and closed cages, we assessed the mass loss of the bags
of coated fertilizers after 6 weeks in cages with medium
plant density (as a proxy for hydrodynamics). We did not
detect any differences between open and closed cages, sug-
gesting that differences in the water circulation, if any, were
negligible (ANOVA, N = 10, F1,9 = 2.55, P = 0.145).
Laboratory analyses
After 12 weeks (end of August), a plastic bag was gently
pulled over each individual Myriophyllum shoot (enclosing
all of the associated fauna and epiphytes, Fig. 1B), and all
shoots were harvested. In the laboratory, epifauna and epi-
phytes were separated and identified. For each Myriophyl-
lum shoot, we measured the main stem length (mm), the
number of branches, and the total branch length (the sum
of the length of all branches). The biomass of individual
plants and associated epiphytes species (g DM) was deter-
mined separately after drying (60°C for 48 h). In the statis-
tical analyses, we used the pooled biomass of truly
epiphytic algal species (Appendix S2), and excluded drift-
ing algae that may have got temporarily entangled on the
experimental plants. Epifaunal macroalgal grazers (here-
after “grazers”) were identified (Appendix S3), measured
(body length, mm), and their biomass estimated as g ash-
free dry mass (AFDM) using taxon-specific length :AFDM
correlations (Ekl€of et al. 2017). As the Myriophyllum
plants constitute the substrate that the epiphytic algae
grow on, epiphyte biomass was standardized on plant bio-
mass. Similarly, grazer biomass and abundance were stan-
dardized on the pooled biomass of plants and epiphytic
FIG. 1. (A) One block of 12 experimental cages in one of the bays. (B) Shoots of Myriophyllum spicatum partly covered by epiphytic
algae in one of the experimental cages.
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algae, as both provide habitat for macrofauna (Eriksson
et al. 2011b).
The water retention time and wave exposure of coastal
bays are well known to affect aquatic vegetation and epifau-
nal communities (Hansen et al. 2008). To account for the
potential influence of different retention time and wave
exposure between the three bays, bay retention time (ln(Ty),
measured in d) was calculated as ln(Ty) = 4.33 9 sqrt(100
At/a) + 3.49, where At is the smallest cross-sectional area of
each bay connected to the sea, calculated from field mea-
surements of inlet depth and width, a is the bay surface area,
and sqrt is square root (Persson et al. 1994), estimated from
Google Earth satellite images. We then estimated wave expo-
sure as effective fetch (EF; km) for each experimental unit
(cage), as EF = ∑ xi cosyi/∑ cosyi, where xi is the distance to
land along direction i and yi is the respective angle to the
perpendicular to the shore (Hakanson and Jansson 1983).
The distance from each experimental unit to land was esti-
mated from Google Earth satellite images in nine directions
(every 10° to both sides of the perpendicular to the shore).
Water temperature was recorded every 10 min throughout
the experiment using Hobo loggers (Onset Computing Cor-
poration, Bourne, Massachusetts, USA) attached to the bot-
tom of three cages per site (Ntotal = 9).
Statistical analyses
Single and interactive effects of treatments on all response
variables (1, plant biomass; 2, number of branches; 3, total
branch length; 4, main stem length; 5, biomass of epiphytic
algae; 6 grazer biomass; and 7, grazer abundance) were esti-
mated using general linear mixed models including the fixed
factors cage treatment, plant density, nutrient enrichment,
and their interactions. Since the responses occurred at a
shoot level, we included two random factors: cage (36 levels)
nested within site (three levels). All response variables except
individual plant biomass were square-root transformed to
meet assumptions of normality and homoscedasticity. The
grazers are mobile and likely to move around between
shoots; therefore, we chose to analyze the single and interac-
tive effects of treatments on grazer biomass and abundance
at the cage (not shoot) level, and included site as a random
variable. Finally, wind fetch and retention time were
included as two continuous covariates, after ensuring that
they were not collinear (variance inflation factor ≤ 2).
Water temperature (averages per site over the full course of
the experiment) was collinear with retention time and there-
fore not included. As the number of individual plants dif-
fered per cage, type-III sum of square ANOVA was used
when analyzing effects on plant performance and epiphytic
algae biomass (Fox 2016). Maximum likelihood estimation
methods were instead used for grazer biomass and abun-
dance, as advised for linear mixed models with equal replica-
tion, and significant effects of explanatory factors and
interactive terms were assessed through a stepwise backward
elimination method, where nested models were compared
through a likelihood ratio test (LRT, which approximately
follows a chi-square distribution; Zuur et al. 2009). Since we
were not interested in all potential contrasts, we used Fish-
er’s least-significance difference (LSD) test to avoid exces-
sive Type II error when testing post hoc differences between
specific treatment combinations. Model validation was per-
formed by plotting residuals vs. fitted values and observed
vs. theoretical quantiles.
To assess potential cage artifacts, all response variables
were also compared between open cage vs. no-cage plots
using general linear mixed-models, including nutrient
enrichment, cage treatment and their interaction as fixed
factors, and cage nested within site as a random factor. No
significant differences were found between open cages and
no-cage plots for any of the response variables (Appen-
dix S4). All statistical calculations were performed using R
version 3.2.3 (R Core Team 2015) and the R package nlme
(Pinhero et al. 2016).
RESULTS
After 12 weeks, epiphytic algae biomass was 2.4 times
higher in the large predatory fish exclosures (closed cages)
than the fish access (open) cages but was unaffected by
nutrient enrichment and plant density (main effect of cage
treatment, F1,19 = 6.12, P = 0.020, Appendix S5, Fig. 2A).
Plant density interacted with nutrient enrichment and
exclusion of large fish (three-way interaction, Appendix S5)
to affect plant performance: in closed cages (where algal bio-
mass was generally higher, see above) and under nutrient-
enriched conditions, high plant density increased individual
plant biomass 4.7 times compared to medium plant density
(Fisher’s LSD test, F2,19 = 6.19, P = 0.009, Fig. 3A), and
number of branches per plant 2.3 and 2.8 times (Fisher’s
LSD test, F2,19 = 3.74, P = 0.043, Fig. 3B), compared to
medium and low plant density, respectively. However, in
closed cages with ambient nutrient levels, high plant density
instead decreased individual plant performance (2.2 and 2.9
times lower plant biomass than medium and low plant den-
sity treatments, Fig. 3A). The addition of nutrients reduced
total branch length, albeit only at medium plant densities
(interaction nutrient enrichment 9 density, Appendix S5,
F2,19 = 4.24, P = 0.030, Fig. 4A). Main stem length was
unaffected by the treatments (Appendix S5, Fig. 4B).
Grazer abundance (measured at the cage level) was 2.3
times higher in nutrient-enriched than ambient cages (main
effect of nutrient treatment, LRT = 3.93, df = 1, P = 0.047)
and 2.6 times higher in closed than open cages (main effect
of cage treatment, LRT = 5.24, df = 1, P = 0.022,
Appendix S5, Fig. 2B). Meanwhile, grazer biomass was not
affected by the treatments (Appendix S5, Fig. 2C).
Wind fetch reduced plant biomass (F1,19 = 24.87,
P < 0.001), number of branches (F1,19 = 14.28, P = 0.001),
total branch length (F1,19 = 13.84, P = 0.002), and main
stem length (F1,19 = 12.49, P = 0.002), while retention time
did not affect any of the response variables (Appendix S5).
DISCUSSION
Using a three-month factorial field experiment across
three coastal bays, we find that density-dependent positive
feedbacks can buffer aquatic plants from indirect and inter-
active effects of eutrophication and loss of large predators.
In cages accessible to large predators, epiphytic algal bio-
mass was low, and plant density did not affect individual
plant performance. In cages that instead excluded large
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predators (closed cages), epiphytic algal biomass per Myrio-
phyllum shoot more than doubled, and plant performance
(i.e., biomass and number of branches) increased at high
plant density, indicating a density-dependent positive
feedback (Fig. 5). This effect, however, occurred only in
nutrient-enriched cages, while in cages with ambient nutrient
levels, individual plant performance decreased with plant





































































































FIG. 2. (A) Epiphytic algae biomass (DM, dry mass), (B) grazer biomass (AFDM, ash-free dry mass), and (C) grazer abundance (num-
ber of individuals per g DM plant + epiphytic algae), at low (L), medium (M), and high (H) experimental plant densities, in open and closed
cages, under ambient (left) and enriched (right) nutrient conditions. Values shown are mean  SE. (A) Ntotal = 149 shoots; ambient closed
NL = 9, NM = 21, NH = 13; ambient open NL = 6, NM = 16, NH = 16; enriched closed NL = 4, NM = 12, NH = 10; enriched open NL = 8,
NM = 19, NH = 15. (B and C) Ntotal = 36 cages, N = 3 replicates per treatment combination.
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(Fig. 5). In line with the stress gradient hypothesis, the
observed shift from negative to positive effects of plant den-
sity with increasing stress highlights the importance of
intraspecific facilitation also for submerged vegetation
(Bertness and Callaway 1994, Bruno et al. 2003).
Density-dependent positive feedbacks occur in both ter-
restrial and aquatic plants (e.g., Suding et al. 2004, van der
Heide et al. 2008, Kefi et al. 2016). In the marine and fresh-
water realm, aquatic plants typically compete for light and
dissolved nutrients with epiphytic algae and phytoplankton
(Sand-Jensen 1977, Baden et al. 2010); therefore, the ability
of plants to outcompete algae can increase with plant den-
sity (Le Bagousse-Pinguet et al. 2012). Moreover, facilita-
tion of algal-feeding grazers by dense plant assemblages
(through provision of habitat, food, and shelter) could
enhance plant growth and survival (Scheinin et al. 2012,
Duffy et al. 2013, Donadi et al. 2017). Both of these feed-
backs should result in that epiphytic algae biomass decreases
with increased plant density. In our study, however,
epiphytic algae biomass per plant was unaffected by plant
density. We therefore propose that the density-dependent
positive feedbacks acting in closed and nutrient-enriched
cages (where plant density had positive effects on per capita
plant performance) were most likely caused by amelioration
of light conditions via nutrient uptake and reduction of phy-
toplankton growth and particle trapping (Agawin and
Duarte 2002, Moore 2004, van der Heide et al. 2011, Le
Bagousse-Pinguet et al. 2012); a mechanism also identified
in a large-scale field survey including the study area (Austin
et al. 2017). Moreover, high plant density can attenuate
wave and current energy (Bouma et al. 2005), thus prevent-
ing the plants from breaking. Such an “ecosystem engineer-
ing” effect may be particularly important when plants are
overgrown by epiphytic algae and/or grow in turbid or deep
water, and typically invest more resources in shoot elonga-
tion (Strand and Weisner 2001). Indeed, in the predatory
fish exclusion (closed cages) and nutrient-enriched condi-













































FIG. 3. (A) Plant biomass and (B) number of branches per plant, at low (L), medium (M), and high (H) experimental plant densities,
in open and closed cages, under ambient (left) and enriched (right) nutrient conditions. Values shown are mean  SE. Ntotal = 149
shoots; ambient closed NL = 9, NM = 21, NH = 13; ambient open NL = 6, NM = 16, NH = 16; enriched closed NL = 4, NM = 12,
NH = 10; enriched open NL = 8, NM = 19, NH = 15. Significant pairwise contrasts are indicated by asterisks over lines (Fisher’s LSD test,
P ≤ 0.05).
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total branch length (the three-way interaction was close to
significant, Appendix S5), increased with plant density. This
indicates that the high-density plants could better utilize the
added resources (nutrients) to increase their biomass (see
also Svanfeldt et al. 2017).
In treatments where algal biomass increased (closed cages
excluding predatory fish) but no nutrients were added, indi-
vidual plant performance decreased with plant density. This
negative density dependence was most likely caused by
intraspecific competition for nutrients, which was exacer-
bated by the high algal biomass (Svanfeldt et al. 2017).
Hence, the addition of nutrients possibly resulted in stressful
conditions that lowered plant performance in all but one
treatment combination: when the plant occurred at high
density and with high epiphyte load (closed cages). In this
case, fertilization appears to have provided additional
resources that increased individual shoot biomass compared
to ambient cages. Our experiment showed no clear effects of
plant density at lower algal biomass (in open cages), regard-
less of nutrient addition, suggesting that plants were then
not as stressed by light or nutrient limitation or mechanical
drag from the epiphytes.
Fertilization did not increase the standing biomass of epi-
phytic algae, but instead increased grazer abundance. Also,
grazer abundance was higher in closed than open cages. The
taxa that mostly contributed to the overall grazer abundance
and biomass were Idothea spp. (40% and 25% of total bio-
mass and abundance, respectively) and Gammarus spp. (26%
of biomass, 39% of abundance). High biomass in high-den-
sity, no-nutrients, closed cages was not mirrored by a peak
in abundance, due to the occurrence of few large individuals
of Idotea spp. and Limnephilidae spp. larvae. These treat-
ment effects on grazer biomass and abundance do not match
theoretical expectations of a simple trophic cascade (where
one would expect grazer abundance and biomass to decrease
in closed cages). This is most likely because in reality,
trophic cascades play out over time in temporally dynamic
ecosystems, where top-down and bottom-up control can
change seasonally (for recent review, see Piovia-Scott et al.












































FIG. 4. (A) Total branch length (cm) and (B) main stem length (cm), at low (L), medium (M), and high (H) experimental plant densities,
in open and closed cages, under ambient (left) and enriched (right) nutrient conditions. Values shown are mean  SE. Ntotal = 149 shoots;
ambient closed NL = 9, NM = 21, NH = 13; ambient open NL = 6, NM = 16, NH = 16; enriched closed NL = 4, NM = 12, NH = 10;
enriched open NL = 8, NM = 19, NH = 15.
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system have demonstrated a temporal mismatch between
patterns and processes (Sieben et al. 2011). The main meso-
predator three-spined sticklebacks move away from the
coastal zone at the end of July/early August, which gives
time for grazer species with fast reproduction to recover
(e.g., Gammarus spp.), and for other grazers to move to
high-food environments (areas with high epiphyte biomass,
for example the closed cages). Meanwhile, the ecological
effect of grazing on epiphytic algae can lag behind and
become (or still be) conspicuous at the end of the summer
(see Sieben et al. 2011). In this study area, as in others, top-
down and bottom-up control likely alternates with seasonal-
ity (Whalen et al. 2013) and system productivity (Oksanen
and Oksanen 2000). In fact, in the absence of strong top-
down control (at the end of the summer), grazer biomass
increases following fertilization, as predicted by theory
(Oksanen et al. 1981) and observed in previous field experi-
ments on a global scale (Duffy et al. 2015). This is likely
caused by nutrients stimulating algal production, which is
channeled into grazer biomass production through her-
bivory. We again, however, emphasize that our sampling is a
snapshot in time, which limits our ability to capture the pro-
cesses (algal growth, grazing, predation, etc.) that played
out during the 3-month experiment.
In summary, our study suggests that plant density can
buffer the interactive effects of multiple stressors, such as
eutrophication and declines in large predatory fish, on the
individual performance of aquatic, habitat-forming plants.
However, if density-dependent positive feedbacks can
increase community resilience to disturbance, the same feed-
backs could also increase the risk for sudden declines (col-
lapses) and the formation of societally undesirable but
persistent alternative ecosystem regimes (Kefi et al. 2016,
Maxwell et al. 2017). We therefore suggest it is crucial to
study the mechanisms underlying both intra- and interspeci-
fic positive feedbacks in greater detail, identify potential
threshold values in plant density needed to uphold the feed-
backs, and maintain plant density above those thresholds, to
improve ecosystem-based approaches to the conservation
and management of habitat-forming submerged aquatic
plants.
ACKNOWLEDGMENTS
We thank the staff at Ask€o Laboratory for valuable assistance
during fieldwork; T. Amgren, O. Nyberg, E. Ramqvist, S. Skoglund,
N. Staberg, A. O. Sullivan, and V. Thunell for assistance in the field
and in the lab, and K. Sieben for valuable advice. We also thanks
two anonymous reviewers whose comments greatly improved the
manuscript. This study is a product of project Plant-Fish (www.pla
ntfish.se), and was funded by Formas (2013-1074), HM Carl XVI
Gustaf’s Foundation for Science and Education (2014-0002), the
Baltic Sea Centre (Ask€o grants) and in-kind support from
Stockholm University (Sweden) and Groningen University (The
Netherlands).
LITERATURE CITED
Agawin, N. S. R., and C. M. Duarte. 2002. Evidence of direct parti-
cle trapping by a tropical seagrass meadow. Estuaries 25:1205–
1209.
Antonovics, J., and D. A. Levin. 1980. The ecological and genetic
consequences of density-dependent regulation in plants. Annual
Review of Ecology and Systematics 11:411–452.
Austin, A. N., J. P. Hansen, S. Donadi, and J. S. Ekl€of. 2017. Rela-
tionships between aquatic vegetation and water turbidity: a field
survey across seasons and spatial scales. PLoS ONE 12:e0181419.
Baden, S., C. Bostrom, S. Tobiasson, H. Arponen, and P. O. Mok-
snes. 2010. Relative importance of trophic interactions and nutri-
ent enrichment in seagrass ecosystems: a broad-scale field
experiment in the Baltic-Skagerrak area. Limnology and
Oceanography 55:1435–1448.
Beaudoin, C. P., W. M. Tonn, E. E. Prepas, and L. I. Wassenaar.
1999. Individual specialization and trophic adaptability of north-
ern pike (Esox lucius): an isotope and dietary analysis. Oecologia
120:386–396.
Bergstr€om, U., J. Olsson, M. Casini, B. K. Eriksson, R. Fredriks-
son, H. Wennhage, and M. Appelberg. 2015. Stickleback increase
in the Baltic Sea—a thorny issue for coastal predatory fish. Estu-
arine, Coastal and Shelf Science 163:134–142.
Bertness, M. D., and R. Callaway. 1994. Positive interactions in















FIG. 5. Conceptual model summarizing the main results. The
exclusion of large predatory fish in closed cages resulted in the
increase of epiphyte biomass. Under these conditions, plant perfor-
mance showed positive density dependence in nutrient-enriched
cages, and negative density dependence at ambient nutrient levels
(perch illustration by Linda Nyman, originally published in The
Encyclopedia of the Swedish Flora and Fauna, The Swedish Species
Information Centre, SLU. Epiphytes illustration by Joakim Hansen
and Pierre Drackner).
2522 S. DONADI ET AL. Ecology, Vol. 99, No. 11
Bianchi, T. S., C. G. Jones, and M. Shachak. 1989. Positive feedback
of consumer population density on resource supply. Trends in
Ecology & Evolution 4:234–238.
Bouma, T. J., M. B. De Vries, E. Low, G. Peralta, I. C. Tanczos, J.
Van De Koppel, and P. M. J. Herman. 2005. Trade-offs related to
ecosystem engineering: a case study on stiffness of emerging
macrophytes. Ecology 86:2187–2199.
Bruno, J. F., J. J. Stachowicz, and M. D. Bertness. 2003. Inclusion of
facilitation into ecological theory. Trends in Ecology & Evolution
18:119–125.
Burkholder, J. M., D. A. Tomasko, and B. W. Touchette. 2007. Sea-
grasses and eutrophication. Journal of Experimental Marine Biol-
ogy and Ecology 350:46–72.
Donadi, S., A. N. Austin, U. Bergstr€om, B. K. Eriksson, J. P. Han-
sen, P. Jacobson, G. Sundblad, M. van Regteren, and J. S. Ekl€of.
2017. A cross-scale trophic cascade from large predatory fish to
algae in coastal ecosystems. Proceedings of the Royal Society B
284:20170045.
Duffy, J. E., A. R. Hughes, and P. O. Moksnes. 2013. Ecology of sea-
grass communities. Pages 271–297 in M. D. Bertness, J. F. Bruno,
B. D. Silliman, and J. J. Stachowicz, editors. Marine community
ecology and conservation. Sinauer, Sunderland, MA.
Duffy, J. E., et al. 2015. Biodiversity mediates top-down control in
eelgrass ecosystems: a global comparative-experimental appro-
ach. Ecology Letters 18:696–705.
Ekl€of, J., A. Austin, U. Bergstr€om, S. Donadi, B. D. H. K. Eriksson,
J. Hansen, and G. Sundblad. 2017. Size matters: relationships
between body size and body mass of common coastal, aquatic
invertebrates in the Baltic Sea. PeerJ 5:e2906.
Eriksson, B. K., L. Ljunggren, A. Sandstr€om, G. Johansson, J. Mat-
tila, A. Rubach, S. Raberg, and M. Snickars. 2009. Declines in
predatory fish promote bloom-forming macroalgae. Ecological
Applications 19:1975–1988.
Eriksson, B. K., K. Sieben, J. Ekl€of, L. Ljunggren, J. Olsson, M.
Casini, and U. Bergstr€om. 2011a. Effects of altered offshore food
webs on coastal ecosystems emphasize the need for cross-ecosys-
tem management. Ambio 40:786–797.
Eriksson, B. K., C. van Sluis, K. Sieben, L. Kautsky, and S. Raberg.
2011b. Omnivory and grazer functional composition moderate
cascading trophic effects in experimental Fucus vesiculosus habi-
tats. Marine Biology 158:747–756.
Eriksson, B. K., A. Rubach, J. Batsleer, and H. Hillebrand. 2012.
Cascading predator control interacts with productivity to deter-
mine the trophic level of biomass accumulation in a benthic food
web. Ecological Research 27:203–210.
Fox, J. 2016. Applied regression analysis and generalized linear
models. Third edition. Sage, Thousand Oaks, CA.
Fraser, M. W., G. A. Kendrick, J. Statton, R. K. Hovey, A. Zavala-
Perez, and D. I. Walker. 2014. Extreme climate events lower resili-
ence of foundation seagrass at edge of biogeographical range.
Journal of Ecology 102:1528–1536.
Gacia, E., and C. M. Duarte. 2001. Sediment retention by a
Mediterranean Posidonia oceanica meadow: the balance between
deposition and resuspension. Estuarine, Coastal and Shelf
Science 52:505–514.
Gustafsson, B. G., F. Schenk, T. Blenckner, K. Eilola, H. E. M.
Meier, B. M€uller-Karulis, T. Neumann, T. Ruoho-Airola, O. P.
Savchuk, and E. Zorita. 2012. Reconstructing the development of
Baltic Sea eutrophication 1850–2006. Ambio 41:534–548.
Hakanson, L., and M. Jansson. 1983. Principles of lake sedimentol-
ogy. Springer, Berlin, Germany.
Halpern, B. S., et al. 2008. A global map of human impact on mar-
ine ecosystems. Science 319:948–952.
Hansen, J. P., S. A. Wikstr€om, and L. Kautsky. 2008. Effects of
water exchange and vegetation on the macroinvertebrate fauna
composition of shallow land-uplift bays in the Baltic Sea. Estuar-
ine, Coastal and Shelf Science 77:535–547.
Hastings, A., J. E. Byers, J. A Crooks, K. Cuddington, C. G. Jones,
J. G. Lambrinos, T. S. Talley, and W. G. Wilson. 2007. Ecosystem
engineering in space and time. Ecology Letters 10:153–164.
Heck, K., G. Hays, and R. Orth. 2003. Critical evaluation of the
nursery role hypothesis for seagrass meadows. Marine Ecology
Progress Series 253:123–136.
Kefi, S., M. Holmgren, and M. Scheffer. 2016. When can positive
interactions cause alternative stable states in ecosystems? Func-
tional Ecology 30:88–97.
Kemp, W. M., W. R. Boynton, R. R. Twilley, J. C. Stevenson, and J.
C. Means. 1983. The decline of submerged vascular plants in
upper Chesapeake Bay: summary of results concerning possible
causes. Marine Technology Society Journal 17:78–89.
Koroleff, F. 1983. Determination of phosphorus. Pages 125–131 in K.
Grasshoff, K. Ehrhardt, and M. Kremling, editors. Methods of sea-
water analysis. Second edition. Verlag Chemie, Weinheim, Germany.
Krause-Jensen, D., S. Sagert, H. Schubert, and C. Bostr€om. 2008.
Empirical relationships linking distribution and abundance of mar-
ine vegetation to eutrophication. Ecological Indicators 8:515–529.
Le Bagousse-Pinguet, Y., P. Liancourt, N. Gross, and D. Straile.
2012. Indirect facilitation promotes macrophyte survival and
growth in freshwater ecosystems threatened by eutrophication.
Journal of Ecology 100:530–538.
Lejeune, O., M. Tlidi, and P. Couteron. 2002. Localized vegetation
patches: a self-organized response to resource scarcity. Physical
Review E 66:10901.
Lohrer, A. M., S. F. Thrush, and M. M. Gibbs. 2004. Bioturbators
enhance ecosystem function through complex biogeochemical
interactions. Nature 431:1092–1095.
Lotze, H. K., H. S. Lenihan, B. J. Bourque, R. H. Bradbury, R. G.
Cooke, M. C. Kay, S. M. Kidwell, M. X. Kirby, C. H. Peterson,
and J. B. C. Jackson. 2006. Depletion, degradation, and recovery
potential of estuaries and coastal seas. Science 312:1806–1809.
MacNeil, C., J. T. A. Dick, and R. W. Elwood. 1997. The trophic
ecology of freshwater Gammarus spp. (Crustacea: Amphipoda):
problems and perspectives concerning the functional feeding
group concept. Biological Reviews 72:349–364.
Maxwell, P. S., et al. 2017. The fundamental role of ecological feed-
back mechanisms for the adaptive management of seagrass
ecosystems—a review. Biological Reviews 92:1521–1538.
Moksnes, P. O., M. Gullstr€om, K. Tryman, and S. Baden. 2008.
Trophic cascades in a temperate seagrass community. Oikos
117:763–777.
Moore, K. A. 2004. Influence of seagrasses on water quality in shal-
low regions of the lower Chesapeake Bay. Journal of Coastal
Research 10045:162–178.
Needham, H. R., C. A. Pilditch, A. M. Lohrer, and S. F. Thrush.
2011. Context-specific bioturbation mediates changes to ecosys-
tem functioning. Ecosystems 14:1096–1109.
Nilsson, J., J. Andersson, P. Karas, and O. Sandstr€om. 2004.
Recruitment failure and decreasing cathes of perch (Perca fluvi-
atilis L.) and pike (Esox lucius L.) in coastal waters of southeast
Sweden. Boreal Environment Research 9:295–306.
Oksanen, L., and T. Oksanen. 2000. The logic and realism of the
hypothesis of exploitation ecosystems. American Naturalist
155:703–723.
Oksanen, L., D. S. Fretwell, J. Arruda, and P. Niemela. 1981.
Exploitation ecosystems in gradients of primary productivity.
American Naturalist 30:536–553.
Orth, R., et al. 2006. A global crisis for seagrass ecosystems. BioS-
cience 56:987–996.
€Osterblom, H., S. Hansson, U. Larsson, O. Hjerne, F. Wulff, R.
Elmgren, and C. Folke. 2007. Human-induced trophic cascades and
ecological regime shifts in the Baltic Sea. Ecosystems 10:877–889.
€Ostman, €O., J. Ekl€of, B. K. Eriksson, J. Olsson, P.-O. Moksnes, and
U. Bergstr€om. 2016. Top-down control as important as nutrient
enrichment for eutrophication effects in North Atlantic coastal
ecosystems. Journal of Applied Ecology 53:1138–1147.
Persson, J., L. Hakanson, and P. Pilesj€o. 1994. Prediction of surface
water turnover time in coastal waters using digital bathymetric
information. Environmetrics 5:433–449.
Pinhero, J., D. Bates, S. DebRoy, D. Sarkar, and R. C. Team. 2016.
nlme: linear and nonlinear mixed effects models. https://CRAN
November 2018 PLANT DENSITY BUFFERS MULTIPLE STRESSORS 2523
Piovia-Scott, J., L. H. Yang, and A. N. Wright. 2017. Temporal vari-
ation in trophic cascades. Annual Review of Ecology, Evolution,
and Systematics 48:281–300.
R Core Team. 2015. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria.
Raberg, S., and L. Kautsky. 2007. Consumers affect prey biomass
and diversity. Ecology 88:2468–2473.
Rietkerk, M., M. C. Boerlijst, F. van Langevelde, R. HilleRisLam-
bers, J. van de Koppel, L. Kumar, H. H. T. Prins, and A. M. de
Roos. 2002. Self organization of vegetation in arid ecosystems.
American Naturalist 160:525–530.
Ripple, W. J., et al. 2014. Status and ecological effects of the world’s
largest carnivores. Science 343:1241484.
Sand-Jensen, K. 1977. Effect of epiphytes on eelgrass photosynthe-
sis. Aquatic Botany 3:55–63.
Scheffer, M., S. Carpenter, J. A. Foley, C. Folke, and B. Walker.
2001. Catastrophic shifts in ecosystems. Nature 413:591–596.
Scheinin, M., S. B. Scyphers, L. Kauppi, K. L. Heck, and J. Mattila.
2012. The relationship between vegetation density and its protec-
tive value depends on the densities and traits of prey and preda-
tors. Oikos 121:1093–1102.
Sieben, K., A. D. Rippen, and B. K. Eriksson. 2011. Cascading
effects from predator removal depend on resource availability in a
benthic food web. Marine Biology 158:391–400.
Snickars, M., A. Sandstr€om, A. Lappalainen, J. Mattila, K. Rosq-
vist, and L. Urho. 2009. Fish assemblages in coastal lagoons in
land-uplift succession: the relative importance of local and regio-
nal environmental gradients. Estuarine, Coastal and Shelf Science
81:247–256.
Stachowicz, J. J. 2001. Mutualism, facilitation, and the structure of
ecological communities. BioScience 51:235–246.
Stone, L., and R. S. J. Weisburd. 1992. Positive feedback in aquatic
ecosystems. Trends in Ecology & Evolution 7:263–267.
Strand, J. A., and S. E. B. Weisner. 2001. Morphological plastic
responses to water depth and wave exposure in an aquatic plant
(Myriophyllum spicatum). Journal of Ecology 89:166–175.
Suding, K. N., K. L. Gross, and G. R. Houseman. 2004. Alternative
states and positive feedbacks in restoration ecology. Trends in
Ecology and Evolution 19:46–53.
Svanfeldt, K., K. Monro, and D. J. Marshall. 2017. Field manipula-
tions of resources mediate the transition from intraspecific
competition to facilitation. Journal of Animal Ecology 86:654–
661.
van de Koppel, J., M. Rietkerk, N. Dankers, and P. M. J. Herman.
2005. Scale-dependent feedback and regular spatial patterns in
young mussel beds. American Naturalist 165:E66–E77.
van der Heide, T., A. J. P. Smolders, B. G. A. Rijkens, E. H. Van
Nes, M. M. Van Katwijk, and J. G. M. Roelofs. 2008. Toxicity of
reduced nitrogen in eelgrass (Zostera marina) is highly dependent
on shoot density and pH. Oecologia 158:411–419.
van der Heide, T., E. H. van Nes, M. M. van Katwijk, H. Olff,
and A. J. P. Smolders. 2011. Positive feedbacks in seagrass ecosys-
tems—evidence from large-scale empirical data. PLoS ONE 6:
e16504.
van Wesenbeeck, B., J. van de Koppel, P. M. J. Herman, and T. J.
Bouma. 2008. Does scale-dependent feedback explain spatial
complexity in salt-marsh ecosystems? Oikos 117:152–159.
Vermaat, J. E., L. Santamaria, and P. J. Roos. 2000. Water
flow across and sediment trapping in submerged macrophyte beds
of contrasting growth form. Archiv fur Hydrobiologie 148:549–
562.
Wallace, J. B., and W. R. Merritt. 1980. Filter-feeding ecology of
aquatic insects. Annual Review of Entomology 25:103–132.
Warfe, D. M., and L. A. Barmuta. 2006. Habitat structural com-
plexity mediates food web dynamics in a freshwater macrophyte
community. Oecologia 150:141–154.
Werner, F. J., A. Graiff, and B. Matthiessen. 2016. Even moderate
nutrient enrichment negatively adds up to global climate change
effects on a habitat-forming seaweed system. Limnology and
Oceanography 61:1891–1899.
Whalen, M. A., J. E. Duffy, and J. B. Grace. 2013. Temporal shifts
in top-down vs. bottom-up control of epiphytic algae in a seagrass
ecosystem. Ecology 94:510–520.
WISS. 2015. Water Information System Sweden. Vatteninforma-
tionssystem Sverige. http://viss.lansstyrelsen.se/Waters.aspx?wate
rMSCD=WA59109207
Zuur, A. F., E. N. Ieno, N. Walker, A. A. Saveliev, and G. M. Smith.
2009. Mixed effects models and extensions in ecology with R.
Springer, New York, New York, USA.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/doi/10.1002/ecy.
2501/suppinfo
DATA AVAILABILITY
Data are available from the Dryad Digital Repository: https://doi.org/10.5061/dryad.m1fb658
2524 S. DONADI ET AL. Ecology, Vol. 99, No. 11
